Very little is understood about genetic mechanisms underlying the onset of spring migration in latitudinal avian migrants. To gain insight into the genetic architecture of the hypothalamus and liver tissues of a long-distance migrant, we examined and compared the transcriptome profile of captive night-migratory black-headed buntings (Emberiza melanocephala) between photoperiodinduced winter non-migratory (WnM) and spring migratory (SM) life-history states under short and long days, respectively. High-throughput 454 pyrosequenced transcripts were mapped initially with reference to the genome of two phylogenetically close species, Taeniopygia guttata and Ficedula albicollis. The F. albicollis genome gave higher annotation results and was used for further analysis. A total of 216 (78 in hypothalamus; 138 in liver) genes were found to be expressed differentially between the WnM and SM life-history states. These genes were enriched for physiological pathways that might be involved in the regulation of seasonal migrations in birds. For example, genes for the ATP binding pathway in the hypothalamus were expressed at a significantly higher level in SM than in the WnM life-history state. Likewise, upregulated genes associated with the myelin sheath and focal adhesion were enriched in the hypothalamus, and those with cell-tocell junction, intracellular protein transport, calcium ion transport and small GTPase-mediated signal transduction were enriched in the liver. Many of these genes are a part of physiological pathways potentially involved in the regulation of seasonal migration in birds. These results show molecular changes at the regulatory and metabolic levels associated with seasonal transitions in a long-distance migrant and provide the basis for future studies aimed at unravelling the genetic control of migration in birds.
INTRODUCTION
Day length regulates annual cycles of migration and reproduction in migratory birds. In captivity, long-day species maintain a nonmigratory, non-reproductive winter phenotype under non-stimulatory short days (SD), whereas they exhibit a spring migratory, reproductive phenotype under stimulatory long days (LD; Kumar et al., 2010 ). An LD phenotype is clearly distinguished from an SD phenotype. In LD, birds exhibit fat deposition and weight gain, Zugunruhe (migratory restlessness; intense nocturnal activity and wing whirring in captive birds), and show elevated circulating concentrations of metabolites (e.g. glucose, triglycerides) and metabolic hormones, such as insulin and corticosterone (Agatsuma & Ramenofsky, 2006; Bairlein, 2002; Bartell & Gwinner, 2005; Fuchs, Haney, Jechura, Moore, & Bingman, 2006;  c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society Gwinner & Czeschlik, 1978; Mishra, Singh, & Kumar, 2017; Rani, Malik, Trivedi, Singh, & Kumar, 2006; Trivedi, Kumar, Rani, & Kumar, 2014) .
The molecular underpinnings of migration are poorly understood; however, recent microarray and RNA-Seq studies have shown changes in transcriptional regulation associated with the development and cessation of migration in birds. Using 454 pyrosequencing, Lundberg et al. (2013) found differences in brain-derived transcriptome between two migratory subspecies of Scandinavian willow warblers (Phylloscopus trochilus). This suggests that genes shape differential migratory strategies adopted by P. t. trochilus that breeds in the south and in autumn migrates southwest to the wintering grounds in western Africa and by P. t. acredula that breeds in the north and in autumn migrates south to southeast and winters in Eastern and Southern Africa (Lundberg et al., 2013) . Boss et al. (2016) used a microarray to quantify differences in gene expression in the brain between the willow warbler subspecies during the breeding period and autumn migration. The two subspecies showed very similar levels of gene expression (<0.1% probes were significantly different), but with substantial levels (13.8%) of differentially expressed genes (DEGs) between seasons. These DEGs were enriched for calcium ion transport, neuronal firing and neuronal synapse formation (Boss et al., 2016) .
Likewise, Fudickar et al. (2016) found 547 differentially expressed genes in the transcriptome profile of blood and pectoral muscle tissues between migratory and sedentary populations of dark-eyed juncos (Junco hyemalis). Specifically, there was an increased expression of genes associated with lipid transport and fatty acid catabolic processes in the muscle and with a ribosomal structure that indicated protein synthesis in the blood of the migrant (J. h. hyemalis) compared with the resident (J. h. carolinensis) juncos (Fudickar et al., 2016) . Furthermore, Johnston, Paxton, Moore, Wayne, and Smith (2016) performed RNASeq of brain tissue, and found that genes involved in focal adhesion, proliferation and motility had higher expression during the migratory state than during the non-migratory state in the ventral hypothalamus of captive Swainson's thrushes (Catharus ustulatus). In contrast, a study of the blood transcriptome on partial migratory European blackbirds (Turdus merula) reported only four differentially expressed genes that are possibly associated with the hyperphagia, moulting and enhanced DNA replication in blackbirds (Franchini et al., 2017) .
Collectively, these studies suggest that changes in migratory behaviour and seasonal states are accompanied by differential expression in a number of genes.
Very little is still understood about photoperiodic induction of spring migration in avian migrants that represent the PalearcticIndian migratory system. We therefore sought to examine the transcriptome profile of a night-migratory species, the black-headed bunting (Emberiza melanocephala) by photoperiodically inducing winter non-migratory (WnM) and spring migratory (SM) life-history states (LHSs) under short and long days, respectively (Misra, Rani, Singh, & Kumar, 2004; Rani et al., 2006; Singh, Trivedi, Rani, Panda, & Kumar, 2015; Trivedi et al., 2014) . Under short days, black-headed buntings remain unstimulated and show a non-migratory, non-reproductive phenotype. Under long days, buntings are photostimulated and exhibit a migratory, reproductive phenotype, i.e. birds fatten and gain weight, develop nocturnal Zugunruhe and show elevated plasma corticosterone, testosterone and luteinizing hormone (LH) concentrations and gonadal recrudescence (Jain & Kumar, 1995; Mishra et al., 2017; Misra et al., 2004; Rani et al., 2006) . Hypothalamus and liver mRNA levels of the circadian clock and light-and thyroid hormone-responsive genes and of genes involved in carbohydrate and fat metabolism and oxidative phosphorylation show changes with alteration in the seasonal state (Mishra et al., 2017; Singh et al., 2015; Trivedi et al., 2014; Trivedi, Malik, Rani, & Kumar, 2015) . We predicted transcriptome-wide changes in the hypothalamus and liver with photostimulation of the spring migratory state in black-headed buntings. For transcriptome profiling, we used high-throughput 454 pyrosequencing, which is an effective tool for functional sequence information in an organism whose genome sequence is not yet known (Ellegren, 2008) .
New Findings

• What is the central question of this study?
What are the molecular underpinnings of the seasonal adaptation in a latitudinal migratory songbird?
• What is the main finding and its importance?
We found changes in mRNA levels after a photoperiodinduced alteration of seasonal state in a captive longdistance latitudinal avian migrant. The hypothalamus and liver transcriptomes revealed genes involved in the regulatory and functional pathways between nonmigratory and migratory states. Our results provide insights into mechanisms underlying homeostasis during seasonal changes that are conserved across most species, including humans.
METHODS
Ethical approval
The experiment was carried out on adult male black-headed buntings 
Animal maintenance and experiment
Black-headed buntings are a long distance Palearctic-Indian migrant songbird. They travel south in the autumn (fall or autumnal migration) to their overwintering grounds ∼25 • N in India and return north the following spring (spring or vernal migration) to their breeding grounds ∼40 • N in west Asia and east Europe (Ali & Ripley, 1974) . They are a photoperiodic species that exhibit distinct LHSs during the year.
In captivity, buntings maintain a winter non-migratory state under short days. Exposure to long days (≥12 h) leads to induction of phenology associated with migration (fat deposition and Zugunruhe) and reproduction (gonadal recrudescence; Misra et al., 2004; Rani et al., 2006) . We used two groups (n = 4 each) of adult male birds (body mass = 24 ± 1 g) that were maintained under short days (8 h light-16 h dark, 8L:16D) and maintained photosensitivity since their capture from the overwintering flock in February (Singh et al., 2015) . Group 1 remained on 8L:16D, whereas group 2 was exposed to 16 h light-8 h dark (16L:8D) until they developed migratory phenotype and had exhibited 7 nights of Zugunruhe for ∼3 weeks of exposure. Thus, at the end of the experiment the buntings were in either winter nonmigratory (WnM, group 1) or spring migratory (SM, group 2) LHSs ( Figure 1a ). To quantify changes in the fat deposition and activity, we measured, respectively, the body mass that accounts for much of the photostimulated fat deposition in migratory birds (King & Farner, 1959) and Zugunruhe (Gwinner & Czeslik, 1978 
Sample collection, RNA preparation and sequencing
At the end of the experiment, birds were decapitated in the middle of short or long days [WnM = ∼Zeitgeber time ( Abbreviations: HQ, high quality; SM, spring migratory; and WnM, winter non-migratory.
from each pool were loaded on one of the two regions of the PicoTiterplate, and subsequently, subjected to 454 sequencing on the GS FLX+ platform using the 800 cycle flow method.
Transcriptome assembly and annotation
The raw reads obtained from 454 pyrosequencing were demultiplexed using the python-based QIIME package. 'Process_sff.py' was used to extract fasta and quality score files and 'Convert_ fastaqual_fastq.py' for mapping of reads to 'qual' files. The adapter trimming was done following Illumina library preparation guidelines and using Roche 454 MID Y adaptor sequences (Balakrishnan, Chapus, Brewer, & Clayton, 2013) . The high-quality (HQ) reads obtained were processed further accroding to a new-Tuxedo protocol (Pertea, Kim, Pertea, Leek, & Salzberg, 2016; Figure 1b ) that included an alignment step using HISAT2 and assembly using StringTie. Briefly, the reads were aligned to known genome sequences of the zebra finch (Taeniopygia guttata; genome version TaeGut3.2.4) and collared flycatcher (Ficedula albicollis; genome version FicAlb_1.4) using the graph-based aligner tool, HISAT2. Given that the number of aligned reads was higher when aligned to F. albicollis than when aligned to T. guttata, we considered annotations generated after alignment to F. albicollis for further analysis (Table 1 ). The overlapping reads that aligned to the flycatcher assembly were assembled using StringTie.
Gene coverage and gene abundance were generated with the help of StringTie-eB. For each transcript, the gene abundance file was used for determination of reads per kilobase of transcript per million mapped reads (RPKM) values that were used for differential gene expression analysis (Conesa et al., 2016) . Differentially expressed genes were determined using the R Bioconductor package edgeR with default parameters (Robinson, McCarthy, & Smyth, 2009 
Pathway analysis
Functional annotation and retrieval of gene ontology (GO) terms for transcripts were carried out using the reference genome feature file (gff3) available in Ensembl genome browser 90 for F. albicollis.
We performed analysis of GO to determine whether co-regulated gene sets were statistically associated with particular biological functions using the DAVID Functional Bioinformatics Microarray Analysis database (Dennis et al., 2003) . For GO retrieval, we used those genes from a tissue that were common between WnM and SM LHSs (839 genes for hypothalamus; 1246 genes for liver). Based on functional classification from DAVID, we determined GO terms with a significance threshold of 0.05. In order to avoid biases caused by GO terms with small numbers of genes, we required more than three differentially expressed genes within a GO term (Fudickar et al., 2016 ).
Validation of gene expression using quantitative PCR (qRT-PCR)
For validation of results using qRT-PCR, 1 g of total RNA was treated with RQ1 RNase-free DNase to remove any DNA contamination from the RNA samples. These samples were then reverse transcribed using Revert Aid first strand cDNA synthesis Kit (K1622; Thermo Fisher Scientific, Wilmington, DE, USA). Thereafter, gene-specific primers for a subset of the most differentially expressed genes (Table 2) were used for the measurement of mRNA expression by q-PCR using Applied Biosystems viia7 thermal cycler, using SYBR green chemistry. Both target and reference genes ( -actin) were run in duplicate, and relative mRNA expression levels were calculated by the 2 −ΔΔC T method (Livak & Schmittgen, 2001 ; for bunting genes see Majumdar, Rani, & Kumar, 2015) . For this, first ΔC T value was calculated as the difference between the threshold cycles (C T ) of target and reference genes
). Then, ΔC T was normalized against ΔC T of a calibrator sample, which consisted of a mixture of cDNA from both groups, to give a ΔΔC T value. The negative value of ΔΔC T powered to 2 (2 −ΔΔc 2 −ΔΔC T ) was plotted.
Statistical analysis of qRT-PCR data was done using GraphPad prism software (version 5.0; GraphPad, San Diego, CA, USA). We used Student's unpaired t test to compare two groups. For statistical significance, was set at 0.05.
TA B L E 2 Gene specific primers used for qRT-PCR
Gene
Primer sequences GenBank accession no. Figure 2 ). The sequence data generated in this study were deposited at NCBI in Gene Expression Omnibus (GEO) database under accession no. GSE106086.
We found 512 genes that were annotated in all four samples under study ( Figure 3a) . Differential gene expression analysis revealed a total of 216 DEGs, of which 78 and 138 were differentially expressed in the hypothalamus and liver, respectively (FDR ≤ 0.05; Figure 3b ; Supplementary data). Of 216, 31 genes were found to be differentially expressed in both tissues. In other words, 47 and 107 genes were unique to the hypothalamus and the liver, respectively (Figure 3c ). Out of 78 DEGs in the hypothalamus, 35 genes were upregulated and 43 downregulated during the photostimulated SM state. Likewise, in the liver, 63 of 138 genes were upregulated and 75 downregulated during the SM state.
Whilst identifying gene clusters involved in different biological
processes that might support the regulatory and metabolic processes underlying migration in buntings, we found 17 and 24 GO processes that were significantly enriched among the DEGs between two seasonal states in the hypothalamus and liver, respectively (Table 3) .
Interestingly, ATP binding pathway genes (GO:0005524) were highly enriched in both the hypothalamus (P = 4.5 × 10 −8 ) and the liver (P = 2.5 × 10 −8 ; Table 3 ). Out of 101 genes enriched in the ATP binding pathway in the hypothalamus, eight genes were found to be differentially expressed, with five genes (NME7, ATP2A2, UBE2K, HSPA8 and MAPK1) upregulated during the SM state (Figure 4a ). In the liver, 19 out of 135 genes that were enriched under the ATP Genes annotated with reference to F. albicollis We performed qRT-PCR of key genes to validate our findings.
In the hypothalamus, we found significantly higher levels of ATP2A2 (P = 0.0015, t = 5.488; Figure 5a ), HSPA8 (P = 0.0193, t = 3.171; Figure 5b ) and MAPK1 (P = 0.0224, t = 3.053; Figure 5c ) in SM compared with those in the WnM LHS. On the contrary, mRNA expression levels of ACACA (P = 0.040, t = 2.612; Figure 5d ), FASN (P = 0.00178, t = 3.235; Figure 5e ) and NONO (P = 0.0122, t = 3.539; Figure 5f ) were significantly lower in SM than in the WnM LHS. In the liver, we found significantly higher levels of ATP2A2 (P < 0.0001, t = 28.32; Figure 5g ), HSPA8 (P = 0.0112, t = 3.615; Figure 5h ), ITPR1 (P = 0.0270, t = 2.909; Figure 5i ) and PIK3R1 (P = 0.0009, t = 6.121; Figure 5l ) in the SM state compared with those in the WnM LHS.
However, mRNA levels of ACACA (P = 0.0005, t = 6.703; Figure 5j ) and FASN (P = 0.0145, t = 3.402; Figure 5k ) were lower in the SM than in the WnM LHS.
DISCUSSION
The 454 pyrosequenced hypothalamic and liver transcriptome profiles of black-headed buntings showed a relatively better functional alignment with the genome sequence of collared flycatchers compared with that of zebra finches. Our study is the first to categorize molecular changes that occur at both the regulatory (i.e. hypothalamus) and functional (i.e. liver) levels associated with seasonal transition in a migratory species. Overall, our RNA-Seq study is comparable to the few other studies that have compared the brain transcriptome of differentially migrating subspecies (Boss et al., 2016; Lundberg et al., 2013) , the ventral hypothalamic transcriptome during non-migratory and migratory LHSs of the same species (Johnston et al., 2016) and muscle and blood transcriptomes of closely related migrant and resident subspecies (Fudickar et al., 2016) . Importantly, our RNA-Seq results revealed that genes involved in metabolism and cellular energetics were differentially expressed between the WnM and SM LHSs in both tissues. This provides molecular bases for physiological adaptation of black-headed buntings to seasonal migration. There was a significantly higher hypothalamic expression of genes involved in protein pathways underlying the ATP binding (e.g. MAPK1, NME7 and HSPA8), focal adhesion and positive regulation of transcription from RNA polymerase II promoter (e.g. APP, MKL2) during SM than during the WnM LHS. NME7 is a member of the NME family of proteins and is a major functional component of the -tubulin ring complex that is responsible for the nucleation of microtubule (MT) filaments to initiate de novo formation of microtubules (Liu, Choi, & Qi, 2014) . High levels of NME7 during SM LHS might suggest a higher rate of nucleation of MTs, hence an extensive cytoskeleton-dependent cellular remodelling. Also, HSPA8 The column on 'bias group' indicates the LHS with a higher number of upregulated genes.
TA B L E 3
is an ATP-dependent molecular chaperone that plays a pivotal role in the protein quality check system and is responsible for deassembly of Count   5  AP2A2  FERMT2  ADH5  GPAM  ARL4C  FUBP1  ZDHHC6  PROX1  GOT2  BTD  FH  PFKFB4  MPP6  SGPL1  RRAGC  IMPA1  TRIO  PSMD1  STRBP  ITPR1  VPS26A  FBXO11  PIK3R1  CACNA2D2  RPL4  ACACA  ACO1  PLIN2  P4HB  ULK2  ENO1  UGP2  RAB11B  ATP2B1  HNRNPDL  AP2M1  YWHAZ  YWHAQ  NME7  NSF  SLC4A4  ACLY  FASN  GNB1  APP  ATP2A2  HSPA8  ATP6V1C1  APOA1  ADK  EEF1A1   ZBTB18  YWHAQ  MAPK1  NME7  SPTAN1  HNRNPR  ATP1B3  KIAA0232  MKL2  PYGB  TOP1  TKT  BZW2  CAMTA1  IDH1  ULK2  THRB  TMSB4X  ACO1  NONO  GRK5  HMGCS1  ACACA  HSPD1 and ITPR1), and these were expressed at higher levels during the migratory state. The upregulation of ATP2A2 during the SM state might indicate an increased calcium uptake, suggesting an increase in fat utilization during the migration. Active ATP2A2 increases the transport of fat from the liver, hence it reduces the risk of the development of metabolic syndrome, such as non-alcoholic fatty liver disease.
Inhibition of the ATP2A2 calcium pump can lead to high cytosolic calcium, which is responsible for the obesity in individuals with nonalcoholic fatty liver disease, as suggested by studies in a mouse model of obesity (Park & Lee, 2014 to expand research efforts to sequence more transcriptomes and whole genomes for migratory and resident birds, so that we can gain a better understanding of the mechanism(s) underlying seasonal changes in the behaviour and physiology that is exhibited across a broad range of long-lived species, including humans (Stevenson et al., 2015) .
